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1 Introduction 
Laser printers are a significant source of 
ultrafine particles (<0.1 µm) in indoor environ- 
ments (He, 2007; Destaillats, 2008). Recently, 
the formation mechanisms of these particles 
were investigated (Kagi, 2007; Morawska, 2009; 
Wang, 2011) and it was suggested that these 
particles are of secondary nature, forming in the 
air during the operation of laser printers. 
Considering the emissions of ozone and volatile 
organic compounds (VOCs) during printing, 
researchers hypothesised that ozone reacts with 
printer-generated VOCs to play a role in the 
particle formation (Kagi, 2007; McKone, 2009). 
However, the hypothesis was yet to be proved 
and the precursors involved remained unknown. 
This study aimed to fill this gap in knowledge. 
 
2 Materials and Methods 
One common black and white office laser 
printer was selected for this study. This printer 
was a high particle emitter and its particle 
emission characteristics were reported in our 
previous study (Morawska, 2009). Interestingly, 
it did not emit measurable ozone when printing 
with 0% toner coverage, although emissions of 
ozone were observed during normal printing. 
 
In this study, a chamber experiment was 
conducted to test the above hypothesis by 
purposely adding ozone to a 1 m3 box chamber 
after a print job without measureable ozone 
emissions. At the beginning of experiment, the 
ozone concentration in the chamber was below 
the detection limit of the instrument. Particle 
number concentration and size distribution, as 
well as concentrations of total VOCs and ozone, 
were monitored in the experiment. 
 
In addition to the chamber experiment, a number 
of furnace tests were carried out to identify the 
potential particle precursors (i.e. VOCs) 
involved in ozone-initiated reactions. Some 
printer components (including paper, toner 
powder, new fuser roller, and lubricant oil) were 
individually heated in a furnace. The emitted 
VOCs were collected and analysed. 
 
3 Results and Discussion 
In the print phase, the chamber temperature 
increased from 26.4 to 29.0 oC and RH inside 
the chamber also increased, but remained below 
75%. The total particle number concentration 
(TPN) in the chamber was about 2.8 × 104 
particles/cm3 at the end of printing, and 
naturally decreased to 5.0 × 103 particles/cm3 
when the ozone was added. The TPN started 
increasing as soon as ozone was introduced into 
the chamber. The growth rate of TPN increased 
rapidly after about 10 min of low growth. The 
increase in particle number stopped about 30 
min after the addition of ozone, at a level of 3.0 
× 104 particles/cm3.  
 
 
 
 
Figure 1: Particle size distribution before (A) 
and after (B) adding ozone into the test chamber. 
  
The particle size distributions before and after 
the addition of ozone are shown in Figure 1A 
and 1B, respectively. The printer-generated 
particles had a single mode with an average 
diameter of around 45 nm just before ozone was 
added. After that, the size of these particles 
started increasing immediately. About 7 min 
later, a new type of much smaller particles 
(about 20 nm) appeared in the chamber and then 
quickly increased in size. These smaller particles 
were a major contributor to the increase in TPN. 
Additionally, some new larger particles 
appeared and the increase in magnitude of TPN 
from these particles was roughly comparable to 
the decrease caused by deposition and air 
exchange removal loss. 
 
The increase in particle number and change of 
particle size distribution demonstrated the 
production of new particles while ozone was 
introduced into a chamber with printer 
emissions. The new particles were formed due 
to reactions between ozone and the particle 
precursors emitted during printing.  
Figure 2: Chemical profiles of volatile organic 
compounds emitted by printer components 
heated in the furnace 
 
The results of the furnace experiment suggested 
little similarity between the emission profiles for 
each printer components (see Figure 2). There 
were nine unsaturated organic compounds 
detected in the samples, including dodecenal, 
furfuryl alcohol, 2-furaldehyde, BHT-quinone 
methide, 2,6-di-tert-butyl-p-benzoquinone, 3-
butene-2-one, 2-phenylpropenal, squalene and 
styrene. All of them came from the toner and the 
paper. Considering the ozone reaction rate 
constants of these compounds, styrene and 
squalene were most likely the precursors 
involved in the ozone-initiated particle 
formation.  
 
4 Conclusions 
This study demonstrated that ozone did react 
with printer-generated VOCs to form secondary 
particles. This process makes the chemical 
composition of printer-generated particles 
different from those that are generated by printer 
components, such as paper or toner powder. 
Since ozone is emitted by many laser printers 
(He, 2010), these ozone-initiated particles may 
be widely present in our office environments. 
Therefore, assessment of the toxicology of toner 
powder is not enough to evaluate the health risk 
of printer emissions and further investigations 
are required on the toxicology of printer-
generated particles. 
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